Abstract Spinal muscular atrophy (SMA), a neurodegenerative disease with potentially devastating and even deadly effects on affected individuals, was first described in the late nineteenth century. Although the survival of motor neuron (SMN) gene was identified nearly 2 decades ago to be causative of the disease, neither an effective treatment nor a cure are currently available. Yet efforts are on-going to test a multitude of treatment strategies with the potential to alleviate disease symptoms in human and clinical trials. Among the most studied compounds for the treatment of SMA are histone deacetylase inhibitors. Several of these epigenetic modifiers have been shown to increase expression of the crucial SMN gene in vitro and in vivo, an effect linked to increased histone acetylation and remodeling of the chromatin landscape surrounding the SMN gene promoter. Here, we review the history and current state of use of histone deacetylase inhibitors in SMA, as well as the success of clinical trials investigating the clinical applicability of these epigenetic modifiers in SMA treatment.
Introduction
Spinal muscular atrophy (SMA), a neurodegenerative autosomal recessive disease, is one of the worldwide leading genetic causes for death in early infancy and childhood. With an incidence of at least 1 in 10,000 live births and a carrier frequency of 1 in 35, its prevalence in Europeans is second only to cystic fibrosis [1] [2] [3] [4] . The first description of the disease was recorded in two siblings more than a century ago (1891) by Guido Werdnig, and was quickly corroborated by Johan Hoffmann, who provided descriptions of several additional patients. Thus, one subtype of the disease is today still commonly known as Werdnig-Hoffmann disease. The clinical symptoms of SMA involve progressive weakness of voluntary muscles, eventually resulting in muscular atrophy. The proximal voluntary muscles are primarily affected, and patients lose or never acquire motor skills during disease progression. The observed muscle wasting is a result of deterioration of the alpha-motor neurons in the anterior horn of the spinal cord. Depending on the severity, SMA can lead to death within the first few years of life, primarily owing to respiratory insufficiency. A less severe, juvenile form of SMA, commonly referred to as Kugelberg-Welander disease, was described in 1956 [5] . Affected children were characterized with late age of onset, longer survival, and a higher level of acquired motor skills.
Age of onset of the first symptoms and the ability of patients to reach certain motor milestones, such as sitting, standing, and walking unaided, are today used as key clinical features to categorize SMA into a total of three major subgroups, as defined by the International Consortium on Spinal Muscular Atrophy 1991 [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Type I SMA (Werdnig-Hoffmann disease, Online Mendelian Inheritance in Man (OMIM) database access number #253300) is the most severe form of SMA, with onset of symptoms observed during the first 6 months of life. Patients are never able to sit or walk unaided, and usually die before the age of 2 years. Only 8 % of patients live more than 10 years. Type II SMA (OMIM #253550) patients have an age of onset between 6 and 18 months. They are able to sit unaided, but never achieve the ability to walk. Life expectancy is significantly higher than in patients with the severe type I form of SMA, with at least 70 % of patients exceeding a lifespan of 20 years. Type III (Kugelberg-Welander disease, OMIM # 253400) is a mild form of SMA that is subdivided into two classes, depending on the age of onset. In type IIIa, first symptoms occur before the age of 3 years, whereas the symptoms of type IIIb patient start between the age of 3 and 30 years. Patients are able to sit and walk unaided for at least part of their life, but regularly become wheelchair-bound with disease progression. Life expectancy is only slightly decreased compared with healthy individuals. More recently, two more forms of SMA were added (reviewed in [16, 17] ). These are type IV (OMIM #271150), a very rare adult form of SMA that is characterized by the onset of symptoms after the 30th year of life and only slightly impaired motor skills, and type 0, which is used to characterize in utero onset of symptoms. Type 0 children require respiratory aid from birth.
SMA has long been thought to exclusively affect motor neurons, as patients generally retain normal facial and involuntary muscle function and full mental capabilities. Although motor neurons remain one of the foremost affected tissues, lately there has been on-going discussion about reclassifying SMA as a multisystem disorder, which, in severe cases, not only affects other neuronal tissues, such as sensory neurons and the brain, but also skeletal and heart muscle, vasculature, and other organs. For a detailed overview of the affected tissues please refer to a recent review by Hamilton and Gilligwater [18] .
Genetic Basis of SMA
In 1990, the candidate region for SMA was mapped by linkage analysis to the long arm of chromosome 5 (5q11.2-5q13.2) [19, 20] . Through the use of positional cloning and newly discovered polymorphic microsatellite markers this region was narrowed down to an inverted and duplicated genomic section of 500 kilo base-pairs in length, which contained multiple copies of several genes [21] [22] [23] [24] . Two genes, the neuronal inhibitory protein (NAIP) gene and the survival of motor neuron (SMN) gene, were subject to large deletions in the majority of SMA patients [24] [25] [26] . The NAIP gene has one functional copy (referred to as telomeric NAIP), which was found to be deleted in 50 % of SMA patients, but also in some asymptomatic carriers of the disease [25] . In contrast, SMN is present in 2, nearly identical, copies, referred to as SMN1 and SMN2. SMN1 was shown to map to the critical region on chromosome 5, and was deleted in 94 % of SMA patients [24, [27] [28] [29] [30] [31] [32] . The remaining 6 % of patients were demonstrated to have different loss-of-function mutations in SMN1 [24, [32] [33] [34] . Consequently, SMA was classified as a monogenetic disease caused by the homozygous loss of function of the SMN1 gene. Presently, there are no reported cases where both SMN genes are deleted or mutated. It has been demonstrated in mice that the complete absence of murine SMN is embryonically lethal, which could explain the lack of human patients with complete functional loss of both SMN genes [35] . Interestingly, the SMA phenotype is specific to loss of SMN1, as deletion of all SMN2 copies, observed in approximately 5 % of the population, has no phenotypic effect [24, 36] .
The SMN Gene SMN1 spans a region of about 28 kilo base-pairs and contains an open reading frame of 885 base-pairs. It consists of 9 exons (also referred to as exons 1, 2a, 2b, and 3-8) that encode for a 294-amino acid protein [24, 37] . SMN2 is a near exact copy of SMN1 and differs only in 5 distinct base-pairs [24] . One of these nucleotide exchanges, a C to T transition at the 5' end of exon 7 [c.840 C→T, nucleotide (nt.) position 27141], is located in the coding region. However, this nucleotide exchange is silent and has no functional effect on the amino acid sequence of the protein. Another exonic nucleotide exchange, a transition from G to A, is found in exon 8 (nt. position 27869). Because exon 8 belongs to the 3' untranslated region, there is no effect on the amino acid sequence. The remaining three nucleotide exchanges are intronic, 1 G to A transition in intron 6 (nt. position 27092) and 2 A to G transitions in intron 7 (nt. positions 27289 and 27404), are intronic and do not directly affect the amino acid sequence of the encoded protein.
The nucleotide exchange in exon 7, however, leads to a splice defect in SMN2 transcripts. The resulting exclusion of exon 7 during pre-messenger RNA (mRNA) processing is observed in 90 % of SMN2 transcripts [38] .
Fully functional SMN1 pre-mRNA is spliced to an mRNA containing 9 exons, coding for the full-length, multidomain SMN protein with 294 amino acids (FL-SMN). In contrast, only 10 % of SMN2 mRNA transcripts are translated into FL-SMN. Owing to the above described splicing defect, the remaining 90 % of SMN2 mRNAs are translated into a truncated protein of 282 amino acids (SMNΔ7) [24, 39] . As the regular stop codon is located at the end of exon 7, transcripts lacking this exon force the utilization of an alternative stop codon in exon 8. Therefore, in addition to coding for a truncated protein, the exclusion of exon 7 results in a change of the last 4 amino acids of SMN [38] . SMNΔ7 is biochemically unstable and shows reduced self-oligomerization capability when compared with FL-SMN [40] .
The SMN protein is highly abundant in the spinal cord, kidney, and liver, as well as the brain [41, 42] . Though expression levels of SMN genes vary in different tissues, there is no tissue specificity for the ratio of FL-SMN to SMNΔ7 proteins [38, 43] . Why the loss of SMN1 primarily affects the motor neurons of the spinal cord remains to be elucidated. Motor neurons appear to have a significantly higher demand for FL-SMN than other cells. Even though complete loss of both SMN genes is lethal, a single copy of SMN1 is sufficient to maintain a healthy individual; two copies of SMN2 alone produce enough FL-SMN protein to maintain the important nuclear functions of SMN in SMA patients, they are however insufficient to ensure survival of motor neurons. There is strong evidence that the role of SMN in axonal maintenance and RNA transport is the underlying cause for the development of SMA. It has been shown that the C-terminus of SMN, which is truncated in 90 % of SMN2 products, is important for axon outgrowth, which is mediated by actin metabolism in the growth cone [44] .
SMN Copy Number
It long remained unclear how a genetic defect in a single gene could cause the broad variety in phenotypes observed in SMA. This variability today is attributed mainly to SMN2 copy number. The abundance of FL-SMN is decreased in SMA patients compared with healthy individuals, and levels of FL-SMN are inversely correlated with disease severity [24, 42, 43] . This is consistent with observations that SMN2 copy number is predictive of the SMA disease category [4, 34, 36, 45, 46] . The SMN2 gene encodes about 10 % of the full-length protein and is therefore unable to fully compensate for the loss of SMN1. However, an increased SMN2 copy number leads to more full-length transcript, lessening the severity of the disease. While 80 % of type I SMA patients possess only 1 or 2 copies of SMN2, 83 % of type II patients have 3 copies of SMN2. Type III patients have 3 or 4 copies of SMN2 in 96 % of cases [4] . In one case, a type IV patient with a very mild phenotype was reported to possess 6 copies of SMN2 [47] . Hence, the SMN2 copy number can be used to predict the severity of the SMA phenotype in children [4] . The observation that levels of FL-SMN protein are inversely correlated with the severity of SMA also provides much scope for the clinical treatment of the disease by aiming to increase FL-SMN levels.
Treatment of SMA
For a long time, treatment of SMA was restricted to supportive and palliative care. Although significant improvements have been made in the management of patients and diseaseassociated problems, culminating in a standard of care document in 2007 [48] , to date there is still no effective treatment of the disease. However significant progress has been made in the field with the discovery of SMN as the disease-causing gene, yielding several promising options for treatment strategies in the last decade. As it is well established that the severity of SMA is inversely correlated with SMN protein abundance [42] , many approaches to treat SMA are aimed at 1 of 2 targets: restoration of the SMN2 splice-pattern or an increase of the overall abundance of the FL-SMN protein.
SMN2 splice modulation has been achieved using several chemical compounds, including tetracyclines (Aclarubicin, hydroxyurea, PTK-SMA1) [49] [50] [51] and β2-adrenergic inhibitors (salbutamol/albuterol) [52, 53] , some of which have been tested in human trials [50, 52, 53 ]. An alternative approach involves targeting of SMN2 pre-mRNA transcripts with RNA antisense oligonucleotides to facilitate exon 7 inclusion and/or exon 8 exclusion [54] [55] [56] [57] [58] [59] . RNA-based strategies show encouraging results in pre-clinical experiments in mice [60, 61] , and several clinical trials investigating the effects of antisense oligonucleotides in SMA are currently recruiting (clinical trial identifications: NCT01839656, NCT01780246, and NCT01703988).
Arguably the most desirable approach for treatment of SMA would be a permanent, long-term restoration of FL-SMN levels in neurons. Potentially, this could be achieved by the re-introduction of an intact copy of SMN1, or gene conversion from SMN2 to SMN1. Various approaches have been described using lentiviral and adeno-associated viral vectors to deliver an intact gene, and these approaches have shown success in mice [62] [63] [64] . Although no clinical trials appear to have started at this stage, major funding projects have recently been established to register clinical trials for systemic adenoassociated virus 9-SMN gene therapy in SMA [65, 66] . Similarly promising are very recent approaches using humaninduced pluripotent stem cells in which the SMN2 gene has been altered ex vivo using vector-free oligonucleotide technology to change a single base and thus increase FL-SMN production [67] . Although this technology has not yet progressed to clinical trials, transplantation of these induced pluripotent stem cells into a mouse model of SMA significantly decreased SMA symptoms and increased survival of affected mice. For a detailed overview of the use of stem cells therapy in motor neuron disease see the review by Lunn et al. [68] .
One of the most studied treatment options for SMA to date is oral drug delivery. Among the first chemical compounds identified in high-throughput assays for small molecules that are effective in increasing FL-SMN abundance were histone deacetylase (HDAC) inhibitors. Inhibition of HDAC enzymes is thought to increase SMN transcription levels by increasing histone acetylation levels in the respective gene promoters. They have been successfully applied in SMA mouse models, and several HDAC inhibitors have been or are currently being tested in human preclinical and clinical trials. In the next section, we will review in more detail the history and current state of application of HDAC inhibition in the treatment of SMA.
HDAC Inhibitors in SMA Treatment
The mechanism by which HDAC inhibitors increase the abundance of FL-SMN in SMA is most likely linked to a remodeling of the epigenetic landscape of the SMN2 promoter region, which results in increased gene expression. SMN protein levels fluctuate depending on the investigated tissue and developmental stage [41, [69] [70] [71] , with a significant decline after birth [72, 73] . Interestingly, the highest levels of SMN are detected in the ventral horn of the spinal cord and motor neurons [41, 71] , which are primarily affected in SMA. Accordingly, the strongest decline of SMN levels in SMA is also observed in these tissues [74] . Changes in gene expression patterns during development have previously been linked to epigenetic regulation [75] . The developmental changes in SMN protein levels, combined with a proposed differential regulation of SMN1 and SMN2 gene expression despite identical promoter sequences [76] , and not least the described effects of various HDAC inhibitors on SMN gene expression, all indicate a strong epigenetic control of SMN promoter activity.
In 2001, sodium butyrate was the first HDAC inhibitor identified to elevate FL-SMN levels in vitro and in vivo [77] . However, sodium butyrate has a short half-life in human serum [78] . Alternative HDAC inhibitors increasing SMN gene expression were soon discovered (Table 1) , led by the description of elevated SMN transcript and protein levels following valproic acid (VPA) treatment of SMA patientderived fibroblast cells [79, 80] . VPA has a significantly longer half-life than sodium butyrate in human serum [1, 3, 7] , and has been shown to increase SMN levels in the nervous system of rats [79] .
Also found to be effective in SMA patient-derived fibroblast cells was another short-chain fatty acid, phenylbutyrate (PB) [81] . To date, PB and VPA are the only 2 HDAC inhibitors that have been tested in randomized, double-blind clinical trials for treatment of SMA patients (see below). However, both PB and VPA require relatively high concentrations to effectively increase SMN levels in vitro and in vivo, concentrations that are difficult to achieve in the central nervous system. Hence, the search for more effective, second-generation HDAC inhibitors continues. Suberoylanilide hydroxamic acid (SAHA), which is approved by the US Food and Drug Administration for treatment of cutaneous T-cell lymphoma, as well as trichostatin A and M344 have been shown to be effective in elevating SMN levels at significantly lower levels than previously tested HDAC inhibitors [8, 9, 11] , likely owing to the broader range of HDACs they inhibit [8] . More recently, LBH589 has been shown to strongly elevate SMN levels in human neuronal stem cells and SMA patient-derived fibroblast cells at nanomolar concentrations [15] . Intriguingly, LBH589 was able to elevate SMN levels in cells that were previously shown to be insensitive to VPA treatment [15] .
As mentioned above, a likely pathway by which HDAC inhibitors are increasing SMN gene expression and FL-SMN protein levels is through increased histone acetylation of the SMN promoter. It is well established that histone hyperacetylation can lead to a more permissive, transcriptionallyactive chromatin structure [82, 83] . Accordingly, it has been shown using chromatin immunoprecipitation analyzed by polymerase chain reaction that the stimulation of human fibroblast cells with VPA increases SMN promoter acetylation [84, 85] . The underlying mechanism, however, might not be quite that simple. Supporting a more complex picture of Fig. 1 ), despite increasing SMN2 gene expression (data not shown). On the contrary, histone acetylation on the SMN2 TSS was significantly decreased after exposure to SAHA. Additionally, changes in DNA methylation were observed in the SMN gene body. The here-observed absence of increased histone acetylation on the SMN2 TSS following VPA exposure, as well as the decrease in histone acetylation on the SMN2 TSS in response to SAHA exposure, are in contrast to previous results linking increased SMN gene expression to increased histone acetylation on the SMN promoter [84, 85] . Albeit being preliminary, our observations were made using a higher resolution analysis than previous studies, and indicate a more complex mechanism behind the increased SMN2 gene expression in response to HDAC inhibitors than previously thought. This mechanism is likely to involve not only changes to other histone modifications, but also to DNA methylation. In addition to increasing histone acetylation, HDAC inhibitors have been proposed to facilitate increases in the histone 3 lysine 4 methylation mark [86] [87] [88] , as well as to promote active DNA demethylation [41, [89] [90] [91] [92] [93] . It is unknown whether these changes are mediated by directly stimulating histone modifying enzymes or by other phenomena, such as chromatin crosstalk (reviewed in [94] [95] [96] ). Another potential factor in SMN upregulation in response to HDAC inhibitors is increased access for other chromatin-modifying enzymes, and, indeed, transcription factors, through a more permissive chromatin structure. This has been proposed for DNA demethylases and their role in HDAC inhibitor-mediated DNA demethylation [41, [89] [90] [91] [92] [93] , and might also be underlying the increased binding activity of AP1 and Sp1 transcription factors to the SMN promoter in response to VPA [79, 97, 98] , as well as increased Serine/Arginine-rich (SR) and SR-like splicing factor activity on SMN pre-mRNA [79, 99] . Each of these events could elevate the abundance of FL-SMN by increasing geneexpression or restoring the SMN splice pattern [100] . Importantly, it has to be taken into consideration that HDAC inhibition affects the expression of a large number of genes, including transcription factors [101] . An altered transcription factor profile, and, indeed, altered transcription factor activity mediated by HDAC inhibitor induced differential modification of nonhistone proteins (reviewed in [102, 103] ), may well be important in elevating FL-SMN protein levels independent of histone acetylation at the SMN promoter. Possible mechanisms of HDAC inhibition action are summarized in Fig. 2 .
Finally, a recent study using an in vitro SMN promoter activity assay and specific small interfering RNA knockdowns of single HDAC enzymes indicated that not all HDACs are equally involved in regulation of SMN gene expression [85] . More exhaustive experiments of this kind will establish in detail the merits of more targeted HDAC inhibition, as well as help unravel the mechanisms and response pathways behind the positive effects of HDAC inhibitors in SMA.
Use of HDAC Inhibitors in SMA Patients and Clinical Trials
A multitude of clinical trials studying the effectiveness of various HDAC inhibitors in the treatment of SMA have been conducted to date, although none have conclusively established the effectiveness of this class of compounds (Table 2 ). VPA treatment has been shown to increase SMN protein levels in blood of affected individuals [104] ; however, a similar study shows increased blood SMN levels in only 7 out of 13 SMA patients [105] . Two further studies report increased muscle strength in a subset of SMA patients treated with VPA [106, 107] . A larger phase I clinical trial Fig. 2 Possible mechanisms of histone deacetylase inhibitor (HDACi) action. Targets of inhibition are HDAC enzymes, which are associated with histone modifications that are implicated in altering chromatin structure and gene expression. Among the genes with altered expression are transcription factors, which also confer changes in expression of their respective target genes, as well as genes that code for proteins implicated in histone tail and chromatin modification. Lastly HDAC inhibition can alter activity and binding of important non-histone regulatory determinants, including transcription factors, thereby altering the expression of target genes. PTM: Post Translational Modification (NCT00374075) established the safe application of VPA in SMA patients; however, it also indicated carnitite depletion and weight gain as potential side effects. The at best moderate success of these initial studies was still seen as encouraging, and led to a larger phase II clinical trial employing cotreatment of SMA patients with VPA and L-carnitite (NCT00227266). This randomized, double-blind study was designed in 2 phases, investigating the results of treatment in SMA type I and SMA type II/III patients, respectively. Neither group, however, showed any significant improvements of muscle strength and other SMA-associated symptoms [108, 109] . This was, in part, attributed to the potential confounding factor of increased weight gain in the treatment group on the applied outcome measures [108, 109] . However, this trial did also fail to establish the previously reported significant increase of FL-SMN mRNA in the blood of treated patients [108, 109] . A second phase I/II trial employing VPA and L-carnitite in type I SMA patients (NCT00661453), as well as a phase II trial testing VPA in ambulant adults with SMA (NCT00481013), have been completed, yet the results have not yet been published. A new study assessing the efficacy of VPA and L-carnitite in PB has also been used in several pilot studies establishing safe application in humans and indicating increased SMN levels in the blood of SMA patients [110, 111] . Two early clinical trials (NCT00439569 and NCT00439218), however, were terminated owing to poor compliance with the drug administration guidelines and slow recruitment. Similar to VPA, a larger, randomized, double-blind, placebo-controlled trial did not show any significant effects of PB in SMA patients using functional assessments of muscle strength [112] . Blood levels of FL-SMN protein were not assessed. This trial used an intermittent drug regimen, where patients were treated on a 7-day on, 7-day off schedule. The authors of the study argue that this arbitrarily chosen regimen may have weakened or negated any potential beneficial effect of the treatment [112] . A follow-up trial investigating the effects of PB in presymptomatic children that have been genetically confirmed as SMA patients using a continuous drug regimen (NCT00528268) is currently on-going.
For both HDAC inhibitors tested so far in clinical trials for treatment of SMA, pilot studies showed only moderate success and the larger randomized, double-blind, placebocontrolled trials did not show significant improvement of treatment over control groups at all. This has been partially attributed to the lack of adequate outcome measures [113] , which might account for the observation that potential increases in SMN levels do not always seem to translate into tangible benefits for patients. Recent publications claim to have established more reliable measures for future trials [108, 109] , which might increase their success. An additional complication arises, however, from the quick progression of the disease in its early stages, characterized by the loss of motor neurons. Once neurons are lost, most chemical-based treatments, like HDAC inhibitors, are highly unlikely to be able to restore their function. It therefore appears essential that treatment, and therefore clinical trials assessing the efficacy of HDAC inhibitors in SMA, are initiated before the onset of symptoms. In general, this applies to all forms of treatment aimed at restoring FL-SMN levels in SMA patients. At least 1 of the on-going clinical trials (NCT00528268) currently tries to address this problem by only recruiting presymptomatic SMA patients with confirmed molecular diagnosis. Still, the lack of consistent evidence for increases in FL-SMN in the blood of treated patients with both VPA and PB remains concerning, and it will have to be established whether second-generation HDAC inhibitors are more effective.
Conclusions
To date, VPA and PB are the only HDAC inhibitors investigated in clinical trials for SMA, with no conclusive evidence of success. The use of more potent, second-generation inhibitors in clinical trials may provide more promising results. Several second-generation HDAC inhibitors, including SAHA, trichostatin A, and LBH589, are either already US Food and Drug Administration-approved in other diseases or are frequently used in clinical trials in different disease settings. It is imperative, however, that those future clinical trials employ improved outcome measures to determine efficacy of the utilized treatment strategy, as well as aim to begin treatment before the critical motor neurons are irreversibly lost.
Overall, the application of HDAC inhibitors in the treatment of SMA is challenging. The mechanisms of action behind the increases in SMN protein levels remain poorly understood. It appears clear, however, that the mechanisms behind the increased FL-SMN levels in response to treatment with HDAC inhibitors go beyond the expected increases in histone acetylation at the SMN promoter, as they have been shown to also influence the binding of transcription factors to the SMN gene [15, 79, 115, 116] and alterations in splice patterns [15, 79, 99] , as well as SMN post-translational ubiquitination and stability [15] . Understanding the molecular events that contribute to SMA will continue to provide new strategies and targets for the development of therapies to retard or reverse the symptoms of SMA in the future.
